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ABSTRACT 
Swelling properties of four commercial anion-exchange membranes with different 
structure have been analyzed in several hydro-organic media. With this target, the liquid 
uptake and the surface expansion of the membranes in contact with different pure liquids, 
water and alcohols (methanol, ethanol and 1-propanol), and with water-alcohol mixtures 
with different concentrations have been experimentally determined in presence and in 
absence of an alkaline medium (LiOH, NaOH and KOH of different concentrations). The 
alkali-metal doping effect on the membrane water uptake has also been investigated, 
analyzing the influence of the hydroxide concentration and the presence of an alcohol in 
the doping solution. The results show that the membrane structure plays an essential role 
in the influence that alcohol nature and alkaline media has on the selective properties of 
the membrane. The heterogeneous membranes, with lower density, show higher liquid 
uptakes and dimensional changes than the homogeneous membranes, regardless of the 
doping conditions.  
 
Keywords: Anion-exchange membrane, swelling properties, doping capacity; alkaline 
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1. Introduction 
Fuel cells directly convert chemical energy into electrical energy and provide an attractive 
alternative power source. Among the various types of fuel cells, the direct alcohol fuel 
cells (DAFCs) have advantages that include high energy density, low emission of 
pollutants, and the ability to use liquid fuels, with a broad range of applications as portable 
electronic equipment and biomedical devices [1]. To overcome the drawbacks of acid fuel 
cells using proton-exchange membranes, alkaline fuel cells (AFCs) using solid anion-
exchange membranes evoked great interest. AFCs present advantages as better corrosion 
resistance and faster kinetics of oxygen reduction reactions in an alkaline media, which 
allows the use of non-noble catalysts [2]. The use of anion-exchange membranes as solid 
polymer in AFCs avoids the problems of the liquid electrolyte. In addition, the water 
management is improved due to the electro-osmotic drag transporting water way from the 
cathode to the anode reducing the alcohol crossover problem [2-4].  
 Currently interest in technologies utilizing anion-selective membranes is rapidly 
increasing [4-8], not only in relation to alkaline fuel cell and water electrolysis, but also 
in areas of water treatment and food industry, electrodialysis and electrodeionization, 
energy storage and recovery [9-13]. For these reasons, properties of anion-exchange 
membranes have recently received an increasing attention in order to obtain better anion-
exchange membranes for increasing the performance of solid alkaline direct alcohol fuel 
cells (SADAFCs) [14,15], as well as for comparing them with cation exchange 
membranes to be applied in SADAFCs [3,16-18]. 
  As compared with their counterparts –cation-exchange membrane, anion-exchange 
membranes are an emerging technology that offers the promise of reducing the catalyst 
cost, while achieving high power density of direct alcohol fuel cells. Hence, the 
understanding of water transport properties through this new type of membranes becomes 
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essential [15]. The DAFC operated in the hydroxide-conduction mode offers a cost 
advantage, especially on polymer electrolyte and catalysts compared to the analogous 
proton exchange mode [19]. When (OH)- ions are present in the fuel stream, comparison 
between an alkaline and an acidic direct alcohol fuel cell, both using the same catalyst, 
indicates a better performance of the former, independently of the type of fuel [2]. It has 
recently been demonstrated that, even using existing ion conductors and catalysts, an 
addition of an alkali (NaOH or KOH) to ethanol would enable anion-exchange membrane 
direct ethanol fuel cell attribute to the added base [16].  
 As the core component of an alkaline anion-exchange membrane fuel cell, the 
electrolyte membrane plays a vital role in determining the cell performance. For this 
reason, numerous efforts have been made during the last few years to develop efficient 
alkaline anion-exchange membranes (AAEMs) for application in AFCs. Still, commercial 
AFCs appear to be in their early stages of developed [6]. AAEMs must possess high 
hydroxide conductivity, dimensional and mechanical stabilities. Two main problems, 
however, remain to be solved, namely low hydroxide conductivity and insufficient 
chemical stability against alkali attack at elevated temperature [7]. 
 The question of what type of membrane is more suitable in SADAFCs with an added 
base remains unclear. A porous structure into a polymeric membrane creates more open 
paths as well as higher surface area for ion transfer and the absorption of an electrolytic 
solution. The enhancement of electrolytic solution absorption and water uptake 
significantly help the increase of ionic conductivity [20]. Cross-linking and reinforcement 
can restrain membrane swelling and improve tensile strength of the membrane. It is also 
beneficial for the chemical stability of AAEMS [7]. 
 Research is needed in the aspects of characterizing of AAEM  properties, including 
water uptake. Solvent uptake properties of the membrane are very important because the 
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transport behaviour is closely dependent on the amount of absorbed liquid. Since water 
is also known to assist the mass transport of alcohol and oxygen in a fuel cell, the solvent 
uptake measurement could serve as a quantitative measure of membrane performance for 
DAFC application as well.  
 Hence the objective of this work was to make a systematic comparison of different 
heterogeneous and homogeneous polymeric anion-exchange membranes in alcohol media 
with an added base, and when membranes are doped by different hydroxide solutions and 
alcohols, in terms of membrane swelling properties.  
 
2. Material and methods 
2.1. Materials 
Four different commercial anion-exchange membranes were tested in this study. Ralex 
membranes, AM(H)-PES (hereafter named PES) and AM(H)-PP (hereafter named PP), 
Neosepta AMX membrane (hereafter named AMX), and Fumasep FAP-450 (hereafter 
named FAP). Some of their main properties are given in Table 1.  
Table 1- Properties of the used membranes. 
 
Membrane d  (μm)* 
IEC  
(meq g-1) Selectivity* 
Electric* 
Resistance  
( cm2) 
ρ  
(kg m-3)** 
PES 450 1.8 > 0.95 < 7.5 945 
PP 440 1.8 > 0.95 < 8.0 917 
AMX 140 1.5  0.98 < 3.5 1090 
FAP 50 1.2 > 0.92 < 1.5 1132 
*Provided by the manufacturer [21-24]. 
**Measured. 
 
PES and PP membranes are composites formed from ion-exchange resins with 
polyethylene basic binder on base quaternary ammonium. Both membranes have different 
reinforcing material, PES membrane is a polyester fitting fabric and PP is a polypropylene 
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fitting fabric. AMX membrane is composed of a styrene divinylbenzene copolymers with 
tri-alkyl ammonium fixed charge groups. It contains a reinforcing inert mesh. FAP 
membrane is a non-reinforced, fluorinated anion exchange membrane. Figure 1 shows 
the basic chemical structure of a quaternary ammonium-type anion-exchange membrane 
and of a fluorinated-type anion-exchange membrane. 
 
 
 
Fig. 1- Typical chemistry structure (a) of a quaternary ammonium-type anion-exchange 
membrane (Neosepta AMX membrane), (b) of a fluorinated-type anion-exchange 
membrane. 
 The membranes can be divided with respect to their structure and preparation into two 
categories: Ralex PES and PP membranes are considered as heterogeneous membranes, 
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whereas AMX and FAP are considered as homogeneous membranes.  Membranes 
were used as received, without any previous treatment. 
 The materials used in the experiments were water, methanol (MeOH), ethanol (EtOH) 
and 1-prophanol (1-PrOH) as pure liquids, and water-alcohol mixtures of 1M and 2M 
concentration as solvents. Table 2 shows some properties of the pure liquids and mixtures 
used as solutions.  
 
Table 2- Density (), viscosity (), and molar mass (M) of the used pure liquid, and 
density () and viscosity () of the used water-alcohol mixtures at 303 K. 
 
Pure Liquid ρ (kg m-3)* 
* 
(mPa s) 
M 
(10-3kg mol-1) 
Water H2O 995.7 0.797 18.0 
MeOH CH4O 782.0 0.508 32.04 
EtOH C2H6O 781.3 0.987 46.07 
1-PrOH C3H8O 796.4 1.726 60.09 
Water-Alcohol Mixture ρ  (kg m-3)* 
* 
(mPa s) 
1M 
MeOH 999.2 0.756 
EtOH 976.4 0.709 
1-PrOH 990.2 0.920 
2M 
MeOH 984.7 0.939 
EtOH 973.2 1.258 
1-PrOH 982.9 1.100 
 (*)[25,26] 
 
 
 LiOH, NaOH and KOH of 1M and 2M concentrations were used as alkaline salts. Pure 
pro-analysis grade chemicals and doubly distilled, degassed pure water were used.  
 
2.2. Methods 
2.2.1. Solvent uptake and doping capacity  
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The solvent uptake of the membranes in the different solutions was determined using the 
traditional gravimetric method. Before the experiments, the membrane samples were 
dried under vacuum for 24 h and weighted in a high precision balance (0.0001g). After 
that, the samples were immersed in closed bottles containing the corresponding solution 
and allowed to equilibrate at 30 ºC. After 48 h of immersion the swollen membranes were 
taken out from the solutions, wiped carefully with filter paper in order to remove remained 
water drops, and weighted again. The increase in weight was equal to the weight of the 
liquid absorbed by the membrane. The solvent uptake was calculated from the weight of 
the swollen and dry membrane samples according to the expression [27]: 
                                                                  % 100                                                        w d
d
m mS
m
  (1) 
where mw and md are the masses of the swollen and dry membrane, respectively. The 
reproducibility of the measurements was checked in all cases. 
The solvent content of the membrane can also be expressed as the average number of 
molecules per conducting functional group, , determined by [28] 
100 IEC w
S
M
       (2) 
where IEC represents the ion-exchange capacity (i.e. the ionizable hydrophilic functional 
groups content per gram of polymer, eqg-1), and Mw is the molecular weight of the 
corresponding liquid.  
To measure the membrane alkaline doping capacity, AU, the membranes were 
removed from the concentrated alkaline solution and washed in deionized water for 
several times to remove the free alkali remained in the membrane. Afterwards, the 
membranes were dried under vacuum for 24 h and weighted. The doping capacity was 
estimated as [29]:  
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                                                                  % 100                                                        OH d d
d
m mAU
m
     (3) 
where OH dm   is the mass of the corresponding dry doped membrane.  
 
2.2.2. Dimensional change 
The parameter considered to estimate the dimensional change of the membranes was the 
area of the surface sample. To determine the membrane surface expansion, samples of 
surface, Ad, approximately square about 30x30 mm2 were used. The procedure was 
similar to the one used for determining the solvent uptake, but in this case, the length of 
the two sides of the sample was measured. The surface expansion was calculated from 
the change of the area according to the following expression: 
                                                                  % 100                                                        w d
d
A AEA
A
   (4) 
where Aw and Ad are the areas of the swollen and dry membrane, respectively.  
The reproducibility of the measurements was checked in all cases.  
 
2.2.3. Porosity and Flory-Huggins (FH) interaction parameter 
The membrane void porosity  (volume of free solution within the membrane per unit 
volume of wet membrane) can be expressed as a function of the solvent uptake S as 
follows [30]: 
11001 l
mS
 
    
      (5) 
 
where m  and l  are the densities of the dry membrane and the sorbed liquid, 
respectively. 
 The analysis of the sorption properties of the membranes in a pure liquid can also be 
made using a model derived from the Flory-Huggins (FH) theory [31], which makes a 
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statistical calculation of the different configurations of a polymer/liquid system upon 
some assumptions on molecular shapes and interactions. The model enables sorption 
modelling using a single parameter, the so-called FH interaction parameter, which is a 
reflection of the polymer/liquid affinity. The lowest FH parameter values describe the 
highest liquid sorption level and, thus the best affinities. The FH interaction parameter 
can be estimated from the membrane void porosity as: 
 
 2
ln 1
1
  
    .       (6) 
 
2.2.4. Volumetric charge fixed concentration 
In some cases, the value of IEC is not particularly useful to characterize how a membrane 
works, because it doesn’t consider the membrane swelling properties. A more appropriate 
measure of the true concentration of fixed charge groups is the volumetric fixed charge 
concentration of membrane immersed in the dissolution, X . This value depends on both 
membrane and medium, and it can be estimate from the IEC, water uptake and density of 
the membrane and the density of the solvent, by means of the expression [31]: 
 
IEC
+100m l
X S
 
1 .       (7) 
 
 
 
 
3. Results and discussion 
3.1. Non-doped membranes in non- electrolyte solution 
3.1.1. Swelling properties 
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Liquid uptake and surface expansion have been measured for all the investigated 
membranes in the different pure liquids and alcohol-water mixtures. To check the stability 
of the swelling properties, the time evolution of the mass and dimensions of the membrane 
was analyzed. To this purpose the mass and surface area of the swollen membranes were 
measured once a day during a minimum of a week. The results showed that both mass 
and dimension of the samples reached stable values from 48 h after the immersion in the 
corresponding solution. The values corresponding to the last day measurement were used 
to estimate membrane solvent uptake and surface expansion. Results are shown in Table 
3. The error in the measurement of solvent uptake and surface expansion was lower than 
2% in the most unfavorable case. 
 
Table 3- Liquid uptake and surface expansion for the different membranes used in pure 
liquid and water-alcohol mixtures of different alcohol concentration.  
Membrane PES PP AMX FAP 
S (%) EA (%) S (%) EA (%) S (%) EA (%) S (%) EA (%) 
Pure liquids 
Water 53 11 58 11 21 14 7 5 
MeOH 43 5 44 12 23 14 22 21 
EtOH 36 8 37 16 18 15 37 16 
1-PrOH 36 3 38 15 22 11 32 16 
Water-Alcohol Mixtures 
1M 
MeOH 58 10 60 11 18 5 11 4 
EtOH 58 7 62 11 19 10 7 12 
1-PrOH 61 7 63 8 21 11 12 8 
2M 
MeOH 57 8 60 8 28 14 13 12 
EtOH 61 5 63 15 25 14 17 11 
1-PrOH 64 9 66 11 23 17 13 8 
 
 
Solvent uptake properties of the membrane are very important because the 
performance of a membrane is dependent on counter-ion conductivity, which is turn of 
depend of its solvent content [3]. 
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As can be observed, both heterogeneous membranes presented similar values of the 
solvent uptake, although slightly higher for membrane PP, probably due to its lower 
density. In the case of pure liquid, a decrease of the liquid uptake was observed with the 
alcohol viscosity. With water-alcohol mixtures, the opposite behavior was observed. 
Solvent uptake increased when alcohol size and concentration increased. Thus, solvent 
uptake was always higher with mixtures than with the corresponding pure liquids. The 
influence of the alcohol nature was higher at higher alcohol concentrations. This results 
were also observed with cation heterogeneous membranes [32]. 
Homogeneous membranes presented lower solvent uptakes than heterogeneous 
membranes. For membrane AMX, the influence of the liquid nature was low, in 
agreement with previous results [3]. In the case of membrane FAP, a significant decrease 
of liquid uptake was observed in water with respect to alcohols. This effect could be due 
to the interactions between liquid and membrane and the absence of a reinforcing in the 
membrane structure. 
The surface expansion for both heterogeneous membranes in pure liquids revealed a 
similar value immersed in water but a different behavior in presence of alcohols. For 
membrane PES the expansion was under the value of water and for membrane PP the 
values of expansion for alcohols are over the water value. This may be due to the different 
reinforcing material of both membranes, which is basically the unique difference between 
membranes PES and PP. In case of homogeneous membranes and pure liquids, the solvent 
nature hardly influences on the membrane expansion for membrane AMX, whereas the 
expansion was higher with pure alcohol than with water for membrane FAP, with a trend 
to decrease with mixtures. 
It was observed that the expansion was slightly higher in one of the dimensions of 
the sample, so that some anisotropy in the dimensional change was observed for the 
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heterogeneous membrane PP in pure liquids, decreasing this effect in the case of mixtures. 
This anisotropy has also been observed with other membranes in the literature [30,33,34], 
probably due to the orientation of polymer chains toward the drawing direction [34]. 
Membrane PES did not present any anisotropy, which would indicate that the different 
behavior may be due to their different composition of the fitting fabric. For homogeneous 
membrane, only FAP membrane showed a slight anisotropy with pure liquids. Membrane 
AMX presented scarcely anisotropy. This membrane incorporates a PCV fabric as matrix 
reinforcement [35] which could explain the limited influence of the solvent nature. 
For heterogeneous membranes, no clear relationship between the liquid content and 
surface expansion or significant influence of the medium nature was observed. This may 
be explained taking into account the porous structure of the less dense heterogeneous 
membranes. In these membranes, the absorbed liquid would occupy the membrane 
cavities, and a distension of the polymeric chains of the matrix would be not required. It 
would explain the low expansion observed for these membranes in spite of their large 
liquid uptake. However, for homogeneous membranes, with higher density, the absorbed 
liquid should break through the interstices of the membrane, so it would expected higher 
expansions at lower solvent uptakes. This effect should be larger with not reinforced, FAP 
membrane as it has been observed. 
 
 
3.1.2. Porosity, Flory-Huggins (FH) interaction parameter and fixed charge 
concentration 
The membrane void porosity and the FH interaction parameter were estimated for all the 
membranes according to Eqs. (5) and (6). The results obtained for pure liquids and 
alcohol-water mixtures are shown in Tables 4 and 5, respectively. The corresponding 
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volumetric fixed charge has been also estimated from the values of solvent uptake and by 
using the corresponding density values shown in Tables 1 and 2, in agreement to Eq. (7). 
The results are also shown in Tables 4 and 5.  
 
Table 4- Porosity (), FH interaction parameter (), parameter , and volumetric fixed 
charge X (mol dm-3)  of anion exchange membranes used in this study in pure liquids.  
 
 
 
 
Liquid 
Membrane 
PES PP AMX FAP 
   X     X    X     X
Water 0.33 0.97 16 1.13 0.35 0.95 18 1.07 0.19 1.31 8 1.37 0.07 1.97 3 1.26
MeOH 0.34 0.96 7 1.12 0.34 0.96 8 1.09 0.25 1.14 5 1.27 0.24 1.15 6 1.03
EtOH 0.30 1.02 4 1.19 0.30 1.03 5 1.15 0.20 1.26 3 1.35 0.35 0.95 7 0.89
1-PrOH 0.30 1.03 3 1.19 0.31 1.02 4 1.14 0.23 1.18 2 1.30 0.31 1.00 4 0.93
 
 
Table 5- Porosity () and volumetric fixed charge X (mol dm-3) of the different 
membranes used in water-alcohol mixtures of different alcohol concentrations. 
 
Water-Alcohol 
Mixture 
Membrane  
PES PP AMX FAP 
 X   X   X   X  
1M 
MeOH 0.35 1.10 0.36 1.05 0.15 1.40 0.09 1.21 
EtOH 0.36 1.19 0.37 1.04 0.16 1.39 0.06 1.25 
1-PrOH 0.37 1.07 0.38 1.04 0.17 1.37 0.11 1.19 
2M 
MeOH 0.35 1.10 0.37 1.06 0.21 1.29 0.11 1.18 
EtOH 0.37 1.09 0.38 1.03 0.20 1.32 0.14 1.14 
1-PrOH 0.38 1.05 0.39 1.02 0.18 1.35 0.11 1.18 
 
 
 The results in Table 4 show that for homogeneous and heterogeneous membranes the 
affinity grows with the porosity in all cases. As it would be expected, heterogeneous 
membranes with pure liquids present higher porosity and affinity having the larger value 
for membrane PP immersed in water (the lowest value of ). An exception it is observed 
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with membrane FAP and EtOH, which presents similar values than the heterogeneous 
membranes. The results of Table 5 reveal an increase of porosity proportional to the 
concentration and the size of the alcohol. Higher porosities were observed for mixtures 
with respect to pure liquids for heterogeneous membranes, whereas the opposite trend 
was observed in the case of homogeneous membranes. 
 The values of the fixed charge concentration are of the order of 1-1.5 eq dm-3, typical 
values in this kind of membranes [3]. They are higher for homogeneous membranes, as it 
is expected from their lower solvent uptakes. Heterogeneous membranes presented, in 
general, higher values with pure alcohol than with water, while the opposite behavior was 
observed for homogeneous membranes. With water-alcohol mixtures, the observed trend 
was higher values for the lower alcohol concentration with a later increase with increasing 
the alcohol concentration. This behavior was more pronounced with 1-PrOH and 
homogeneous membranes. 
 As the fixed charge concentration is an indicative of the membrane selectivity, these 
results would indicate that at alcohol concentrations typical in direct alcohol fuel cells, 
membranes would increase their selectivity, with exception of 1-ProOH.  
 
3.2. Alkali-metal-doped membranes 
The membrane doping capacity was estimating according to the method described in 
section 2.2.1. To determine the water uptake, WU, of the doped membranes, the dry doped 
samples were immersed in deionized water at 30 ºC for 48 h. After hydration, the surface 
water was wiped with tissue paper before weighing. Then, the membranes were fully 
dried in a vacuum oven for 48 h and weighing again. Water uptake was estimated from 
Eq. (1) where mw and md correspond in this case to the masses of the swollen and dry 
doped membranes, respectively. Results obtained for doping capacity and water uptakes 
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are shown in Tables 6 to 9. The stability was checked in a similar way tan for non-doped 
membranes. 
 Higher values of water uptake were found for the doped heterogeneous membranes, 
showing the heterogeneous membrane PES the highest values. When heterogeneous 
membranes were doping in aqueous solutions, no clearly define trend was observed with 
the type and concentration of electrolyte. Membranes doped with LiOH presented the 
highest values and the lowest values were observed with NaOH. When alcohol was 
presented in the doping solution, lower water uptakes were observed in general, but the 
influence of the type and concentration of electrolyte depended on the type and 
concentration of alcohol, being this behavior similar for both heterogeneous membranes. 
For heterogeneous membranes, a relative reduction of water uptake higher than 50% can 
be gotten with the doping process, depending on the nature of the doping solution.  
 Doped homogeneous membrane presented lower water uptakes, especially membrane 
FAP. It was observed that the influence of the doping process on the water uptake was 
higher for the reinforcing AMX membrane. The doping process did not seem to affect the 
water uptake of FAP membrane. Although a definite trend with the type and concentration 
of electrolyte or alcohol was not either observed with any of the investigated 
homogeneous membranes, membrane AMX doped in presence of alcohol presented, in 
general, lower water uptakes with respect to the non doped membrane.  
Table 6- Water uptake (WU), doping capacity (AU) Porosity (), FH interaction 
parameter (), parameter  and volumetric fixed charge concentration ( X ) for 
heterogeneous membrane PES doped in different electrolyte solutions. 
 
Membrane PES WU (%) AU (%) φ χ λ X  (mol dm-3) 
Water 
1M 
LiOH 41 21 0.28 1.07 13 1.22 
NaOH 25 39 0.19 1.28 8 1.37 
KOH 44 22 0.30 1.04 14 1.20 
2M LiOH 41 29 0.28 1.07 13 1.23 
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NaOH 30 32 0.22 1.20 9 1.33 
KOH 31 30 0.23 1.18 10 1.31 
MeOH 1M 
1M 
LiOH 31 34 0.22 1.19 9 1.32 
NaOH 33 32 0.24 1.16 10 1.30 
KOH 33 34 0.24 1.15 10 1.29 
MeOH 2M 
1M 
LiOH 30 34 0.22 1.20 9 1.32 
NaOH 39 25 0.27 1.09 12 1.25 
KOH 40 27 0.28 1.07 12 1.23 
2M 
LiOH 23 33 0.18 1.34 7 1.40 
NaOH 28 32 0.21 1.24 9 1.35 
KOH 29 32 0.21 1.22 9 1.34 
EtOH 1M 
1M 
LiOH 27 39 0.20 1.25 8 1.35 
NaOH 32 34 0.23 1.17 10 1.30 
KOH 30 38 0.22 1.20 9 1.32 
EtOH 2M 
1M 
LiOH 31 37 0.23 1.19 10 1.31 
NaOH 38 30 0.26 1.10 12 1.25 
KOH 28 40 0.21 1.24 9 1.35 
2M 
LiOH 24 31 0.19 1.31 7 1.39 
NaOH 34 29 0.24 1.15 10 1.29 
KOH 33 29 0.24 1.16 10 1.29 
1-PrOH 1M 
1M 
LiOH 25 37 0.19 1.29 8 1.37 
NaOH 25 45 0.19 1.30 8 1.38 
KOH 28 35 0.21 1.23 9 1.34 
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Table 7- Water uptake (WU), doping capacity (AU) Porosity (), FH interaction 
parameter (), parameter  and volumetric fixed charge concentration ( X ) for 
heterogeneous membrane PP doped in different electrolyte solutions. 
 
Membrane PP WU (%) AU (%) φ χ λ X  (moldm-3)
Water 
1M 
LiOH 32 32 0.23 1.18 10 1.27 
NaOH 24 42 0.18 1.33 7 1.35 
KOH 31 34 0.22 1.20 10 1.28 
2M 
LiOH 32 34 0.23 1.18 10 1.27 
NaOH 23 45 0.17 1.36 7 1.37 
KOH 29 33 0.21 1.23 9 1.30 
MeOH 1M 
1M 
LiOH 20 50 0.15 1.43 6 1.40 
NaOH 23 44 0.18 1.34 7 1.36 
KOH 25 44 0.19 1.31 8 1.35 
MeOH 2M 
1M 
LiOH 21 50 0.16 1.41 6 1.39 
NaOH 32 33 0.23 1.18 10 1.27 
KOH 30 36 0.22 1.21 9 1.29 
2M 
LiOH 17 44 0.13 1.53 5 1.43 
NaOH 21 40 0.16 1.41 6 1.39 
KOH 22 45 0.17 1.37 7 1.37 
EtOH 1M 
1M 
LiOH 20 51 0.15 1.43 6 1.40 
NaOH 16 58 0.13 1.54 5 1.43 
KOH 27 37 0.20 1.27 8 1.32 
EtOH 2M 
1M 
LiOH 18 44 0.15 1.47 6 1.41 
NaOH 20 41 0.16 1.42 6 1.39 
KOH 30 31 0.22 1.21 9 1.29 
2M 
LiOH 16 47 0.13 1.57 5 1.44 
NaOH 23 43 0.18 1.34 7 1.36 
KOH 21 43 0.16 1.40 7 1.38 
1-PrOH 1M 
1M 
LiOH 19 51 0.15 1.46 6 1.41 
NaOH 16 59 0.13 1.56 5 1.44 
KOH 19 50 0.15 1.47 6 1.41 
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Table 8- Water uptake (WU), doping capacity (AU) Porosity (), FH interaction 
parameter (), parameter  and volumetric fixed charge concentration ( X ) for 
homogeneous membrane AMX doped in different electrolyte solutions. 
 
Membrane AMX WU (%) AU (%) φ χ λ X  (mol dm-3)
Water 
1M 
LiOH 19 1 0.17 1.35 7 1.35 
NaOH 12 9 0.12 1.61 5 1.44 
KOH 16 3 0.15 1.45 6 1.39 
2M 
LiOH 14 4 0.13 1.55 5 1.42 
NaOH 9 12 0.09 1.81 3 1.49 
KOH 14 8 0.14 1.51 5 1.41 
MeOH 1M 
1M 
LiOH 15 3 0.14 1.47 6 1.40 
NaOH 15 4 0.14 1.51 5 1.41 
KOH 18 5 0.16 1.39 7 1.37 
MeOH 2M 
1M 
LiOH 13 4 0.12 1.60 5 1.44 
NaOH 12 5 0.11 1.63 4 1.45 
KOH 22 0 0.20 1.27 8 1.31 
2M 
LiOH 13 1 0.13 1.56 5 1.43 
NaOH 8 5 0.08 1.89 3 1.50 
KOH 10 3 0.10 1.75 4 1.48 
EtOH 1M 
1M 
LiOH 12 5 0.12 1.61 5 1.44 
NaOH 9 11 0.09 1.83 3 1.49 
KOH 14 8 0.13 1.53 5 1.42 
EtOH 2M 
1M 
LiOH 9 7 0.09 1.78 3 1.48 
NaOH 10 8 0.10 1.74 4 1.47 
KOH 10 11 0.10 1.74 4 1.47 
2M 
LiOH 11 1 0.10 1.71 4 1.47 
NaOH 13 4 0.12 1.59 5 1.43 
KOH 12 3 0.11 1.64 4 1.45 
1-PrOH 1M 
1M 
LiOH 12 4 0.12 1.63 4 1.45 
NaOH 2 16 0.03 2.83 1 1.59 
KOH 8 13 0.08 1.88 3 1.50 
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Table 9- Water uptake (WU), doping capacity (AU) Porosity (), FH interaction 
parameter (), parameter  and volumetric fixed charge concentration ( X ) for 
homogeneous membrane FAP doped in different electrolyte solutions. 
 
Membrane FAP WU (%) AU (%) φ χ λ X  (mol dm-3) 
Water 
1M 
LiOH 4 3 0.04 2.43 2 1.30 
NaOH 11 6 0.11 1.67 5 1.21 
KOH 2 7 0.03 2.83 1 1.32 
2M 
LiOH 9 4 0.09 1.79 4 1.23 
NaOH 8 3 0.09 1.84 4 1.24 
KOH 13 3 0.13 1.56 6 1.19 
MeOH 1M 
1M 
LiOH 8 2 0.09 1.84 4 1.24 
NaOH 8 3 0.09 1.83 4 1.24 
KOH 8 2 0.08 1.90 4 1.25 
MeOH 2M 
1M 
LiOH 3 3 0.03 2.63 1 1.31 
NaOH 10 1 0.10 1.70 5 1.22 
KOH 11 2 0.11 1.67 5 1.21 
2M 
LiOH 4 4 0.04 2.38 2 1.30 
NaOH 15 2 0.15 1.45 7 1.16 
KOH 6 0 0.06 2.09 3 1.27 
EtOH 1M 
1M 
LiOH 14 3 0.14 1.50 7 1.17 
NaOH 8 0 0.09 1.85 4 1.24 
KOH 10 1 0.10 1.71 5 1.22 
EtOH 2M 
1M 
LiOH 9 0 0.10 1.76 4 1.23 
NaOH 9 0 0.09 1.79 4 1.23 
KOH 9 1 0.09 1.78 4 1.23 
2M 
LiOH 12 3 0.12 1.60 6 1.20 
NaOH 13 0 0.13 1.54 6 1.18 
KOH 14 0 0.13 1.52 6 1.18 
1-PrOH 1M 
1M 
LiOH 5 6 0.05 2.25 2 1.29 
NaOH 8 10 0.08 1.90 4 1.25 
KOH 7 7 0.07 1.99 3 1.26 
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 Although, in general, no significant trend was found between the type of electrolyte 
used for doping the FAP membrane and its water uptake, larger values of water uptake 
were observed in the case of NaOH in water and in 2M MeOH solution. This behavior 
does not seem to be related to the membrane doping capacity. It could be related to the 
membrane expansion properties in presence of hydroxide. As it will be shown in the next 
Section, this membrane presents, in general, a larger area expansion in presence of NaOH, 
indicating that the electrolyte nature may affect the membrane tensile strength . 
 When membranes were compared with respect to the doping capacity, higher values 
were observed for heterogeneous membranes. Membrane PP presented the highest doping 
capacity. For these membranes, an opposite tendency between doping and water uptake 
seems to be observed, so that at higher doping, lower water uptake. Homogeneous 
membranes presented a low doping capacity, especially non reinforcing FAP membrane 
which presented for some solutions a null doping capacity.  
 In general, a clearly defined trend with type and concentration of electrolyte and 
alcohol was not observed neither for membrane doping capacity nor the water uptake. 
Figure 2 shows the maximum and minimum values obtained for both water uptake and 
doping capacity for each membrane. With heterogeneous membranes, the maximum 
values for water uptakes were found with membranes doped in water. As it can be seen, 
the largest water uptake value was observed with membrane PES, corresponding with the 
membrane doped with KOH 1M in water. For this type of membranes, the minimum value 
corresponded with the membrane doped in presence of ethanol. Homogeneous 
membranes presented maximum values when they were doped in presence of methanol. 
For both homogeneous membranes, the water uptake minimum value was observed for 
membranes doped with KOH 1M in water. Regarding the doping capacity, also 
heterogeneous membranes presented the maximum values, corresponding with 
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membranes doped with NaOH 1M in 1-PrOH 1M. Homogenous membranes also 
presented the maximum values when they were doped in presence of 1-PrOH 1M.  The 
doping capacity was null for homogeneous membrane in different situations, mainly in 
presence of EtOH and MeOH.  
 
Fig. 2- Maximum and minimum values for water uptake (WU) and doping capacity (AU) 
for the investigated membranes.  
As a high liquid uptake will lead to a higher ionic conductivity of the membrane in 
low-temperature fuel cells [16], it is expected a better behaviour of doped heterogeneous 
membranes in relation to the electric conductivity.  
 By using Eqs. (5) and (6), the membrane porosity and the FH interaction parameter 
can be estimated for all the investigated membrane systems. The results obtained for each 
membrane system are also shown in Tables 6 to 9.  
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 Larger porosities were observed for heterogeneous membranes as expected from the 
results obtained for water uptakes. When comparing both heterogeneous membranes, 
membrane PES, with higher water uptake, showed higher porosity under the same 
conditions. The two homogeneous membranes presented similar low porosities in 
agreement with their higher density and lower water uptake. Regarding to the influence 
of the doping solvent nature, heterogeneous and homogeneous membranes presented, in 
general, lower porosities in presence of alcohol, but without defined trend with the type 
and concentration of alcohol. Neither a defined influence of the salt was observed, 
although a slight tendency to decrease with increasing salt concentration was observed 
for heterogeneous membranes.  
 The heterogeneous membranes showed larger water affinity. The presence of alcohol 
in the doping solution makes the FH parameters increases and so the membrane affinity 
decreases. The influence of the doping salt in the FH parameter depends on the alcohol. 
With all the membranes, for aqueous doping solutions, higher FH parameters were 
observed with NaOH, presenting LiOH and KOH similar values. In presence of alcohol, 
homogeneous and heterogeneous membranes presented different behavior depending on 
the alcohol type and on the salt and alcohol concentrations. In general, higher values were 
observed with LiOH.  
 The influence of the doping process on the membrane fixed charge concentration was 
investigated. The X  values estimated for the doped membrane under different conditions 
are also shown in Tables 6-9. This parameter is of the great importance due to it greatly 
influences on the membrane selectivity. In heterogeneous membranes, the doping process 
makes the volumetric charge fixed concentration increases with respect to the non doped 
membrane, being the increase higher for PP membrane. For these membranes, in general, 
higher values of X are obtained when membranes were doped in presence of alcohol, 
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although no definite trend was observed. Homogeneous membranes, however, showed 
different behaviors. A low increase of the fixed charge concentration was observed for 
reinforced AMX membrane, but a decrease was observed for FAP membrane. Neither of 
them presented a significant influence on the presence of alcohol in the doping solution.  
 
3.3. Membranes in alkaline solutions. 
3.3.1. Swelling properties 
Swelling properties of the membranes in alkaline media were also investigated. The 
stability was checked in a similar way than for non-doped membranes. Fig. 3 shows the 
stable values obtained for the liquid content, S, and the surface expansion, EA, of the 
membranes in presence of different concentration of alkaline hydroxides (LiOH, NaOH 
and KOH) in water and mixtures of water and alcohol (MeOH, EtOH and 1-PrOH) with 
diverse concentrations of alcohol. Fig. 3 also shows the values obtained in the absence of 
alkaline hydroxide to compare.  
 As general result, it can be noted the great influence of the alkaline medium in the 
swelling properties, as well as the different behaviour between homogeneous and 
heterogeneous membranes. In general, heterogeneous membranes presented higher liquid 
contents, with values near 100%, observing an increase in the liquid content in alkaline 
media with respect to the value obtained with the corresponding non electrolyte solution. 
Membrane PES presented the largest influence of the alkaline media in the solvent uptake. 
For this membrane, solvent uptake can increase up to more than 30% in presence of 
hydroxide.  
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Fig. 3- Solvent uptake and area expansion for the investigated membranes in different 
alkaline solutions. 
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 For homogeneous membranes, the presence of electrolyte slightly increased solvent 
uptake at low electrolyte concentration, but the opposite trend was observed at higher 
electrolyte concentration. However no definitely trend was observed with the type of 
alkaline hydroxide used.  
 For all the membrane systems, an increase of the electrolyte concentrations caused a 
decrease on the solvent uptake. When the membrane is soaked in an alkaline solution, 
alkali-doped free volume may be formed which can favours the liquid absorption. When 
the hydroxide concentration increases, the solution viscosity increases causing the ionic 
transport resistance increases. A similar behaviour has been observed  in the ionic 
conductivity of  anion exchange membranes in presence of NaOH [16, 36] and the 
competition between the favourable effect of increasing the ionic concentration and the 
observed effect of the increased viscosity in the alkali-doped free volumes of the 
membrane results in an optimal hydroxide concentration.  
Concerning the surface expansion, it was in general favoured by the presence of 
hydroxide in the case of the heterogeneous membranes. Heterogeneous PES membrane, 
with higher solvent uptakes, also presented the higher expansion, mainly with EtOH 2M 
and low hydroxide concentration. However, for homogeneous membranes the presence 
of hydroxide in the solution had in general a less effect on the membrane  surface 
expansion and no clear trend was observed.  
In summary, the results presented in Fig. 3 show that in hydroxide media anion 
heterogeneous membranes are more hydrophilic than anion homogeneous membranes, as 
for cation exchange membranes. In general, the higher the membrane density, the lower 
water content and the larger the relative influence of the presence and type of electrolyte. 
A low solvent content favours the possible interaction between counter-ion and the 
membrane fixed charge groups [37]. On the other hand, the presence of the free alkali in 
27 
 
the membrane matrix would lead to the reduced intermolecular forces as a result of the 
increased separation distance. Therefore, the tensile strength of the membranes would be 
much smaller than in absence of doping.  
 
3.2.2. Fixed charge concentration 
The membrane fixed charge concentration has been estimated, in the case of aqueous 
solution, for all the hydroxides and concentrations. The densities of aqueous hydroxide 
solutions used in Eq. (7) were taken from data in references [38-41]. The obtained results 
are shown in Fig. 4.  
 
Fig. 4-Fixed charge concentration for the investigated membranes in hydroxide aqueous 
solutions. Lines are only visual guides.  
 
 As it can be observed, the presence of hydroxide in the solution causes the membrane 
fixed charge concentration decreases a low electrolyte concentration, being the observed 
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decrease higher for heterogeneous membranes. However, when the hydroxide 
concentration increased, an increase of this parameter was observed. This result was 
similar for all the investigated membranes and it would indicate that a minimum 
hydroxide concentration would be necessary to increase the charge fixed concentration 
of the membrane by adding a hydroxide. Homogeneous membranes presented larger 
charge fixed concentrations, due to their lower uptake, independently of the presence and 
nature of the hydroxide. In general, the influence of the type of hydroxide is small for all 
the membranes, although it tends to increase when the hydroxide concentration increases. 
The homogeneous membrane AMX presented the higher fixed charge concentration.  
 
4. Conclusions 
Liquid uptake is an important endowment of ion-exchange membranes and has significant 
effect on separation phenomena, dimensional as well as mechanical properties. The 
dissociation of charged functional groups could be promoted by the presence of water 
molecules inside the membrane matrix and so it is very important for the transport of ions. 
As water is also known to assist the mass transport of alcohol and oxygen in a fuel cell, 
the solvent uptake measurement could serve as a quantitative measure of membrane 
performance for a direct alcohol fuel cell application as well. In this work, four 
commercial polymeric anion-exchange membranes –two heterogeneous and two 
homogeneous- were compared in terms of swelling properties. The effect of an alkaline 
medium is analyzed. It is experimentally found that: (i) The membrane structure strongly 
affects the membrane swelling properties. (ii) Liquid uptake and expansion are higher 
with water-alcohol mixtures than with pure liquids for heterogeneous membranes. For 
homogeneous membranes, the influence of the type of solvent is small. (iii) Regardless 
of the alkali-metal doping, heterogeneous membranes present higher liquid uptakes and 
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dimensional changes. (iv) The effect of an added hydroxide in the solvent on the 
membrane water uptake is strong. In general, the higher the membrane density, the lower 
water content and the larger the relative influence of the presence and type of electrolyte. 
Concerning the surface expansion, it was in general favoured by the presence of 
hydroxide in the case of heterogeneous membranes and with a less effect on the 
homogeneous membranes. As a high liquid uptake will lead to a higher ionic conductivity 
of the membrane in low-temperature fuel cells, these results suggest a better behaviour of 
heterogeneous membrane in relation to the electric conductivity. 
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Figure caption 
Fig.1- Typical chemistry structure (a) of a quaternary ammonium-type anion-exchange 
membrane (Neosepta AMX membrane), (b) of a fluorinated-type anion-exchange 
membrane. 
Fig.2- Maximum and minimum values for water uptake (WU) and doping capacity (AU) 
for the investigated membranes.  
Fig.3- Solvent uptake and area expansion for the investigated membranes in different 
alkaline solutions. 
Fig.4- Fixed charge concentration for the investigated membranes in hydroxide aqueous 
solutions. Lines are only visual guides.  
